Eukaryotic chromatin is highly dynamic and turns over rapidly even in the absence of DNA replication. Here we show that the acidic histone chaperone nucleosome assembly protein 1 (NAP-1) from yeast reversibly removes and replaces histone protein dimer H2A-H2B or histone variant dimers from assembled nucleosomes, resulting in active histone exchange. Transient removal of H2A-H2B dimers facilitates nucleosome sliding along the DNA to a thermodynamically favorable position. Histone exchange as well as nucleosome sliding is independent of ATP and relies on the presence of the Cterminal acidic domain of yeast NAP-1, even though this region is not required for histone binding and chromatin assembly. Our results suggest a novel role for NAP-1 (and perhaps other acidic histone chaperones) in mediating chromatin fluidity by incorporating histone variants and assisting nucleosome sliding. NAP-1 may function either untargeted (if acting alone) or may be targeted to specific regions within the genome through interactions with additional factors.
Eukaryotic chromatin is highly dynamic and turns over rapidly even in the absence of DNA replication. Here we show that the acidic histone chaperone nucleosome assembly protein 1 (NAP-1) from yeast reversibly removes and replaces histone protein dimer H2A-H2B or histone variant dimers from assembled nucleosomes, resulting in active histone exchange. Transient removal of H2A-H2B dimers facilitates nucleosome sliding along the DNA to a thermodynamically favorable position. Histone exchange as well as nucleosome sliding is independent of ATP and relies on the presence of the Cterminal acidic domain of yeast NAP-1, even though this region is not required for histone binding and chromatin assembly. Our results suggest a novel role for NAP-1 (and perhaps other acidic histone chaperones) in mediating chromatin fluidity by incorporating histone variants and assisting nucleosome sliding. NAP-1 may function either untargeted (if acting alone) or may be targeted to specific regions within the genome through interactions with additional factors.
The organization of DNA into chromatin has profound consequences for all processes that involve the DNA template, and the biochemical makeup of the nucleosome has important regulatory functions. The nucleosome consists of an octamer of two copies each of the four histone proteins H2A, H2B, H3, and H4, around which 147 bp of DNA are wrapped in 1.65 superhelical turns (1) . A (H3-H4) 2 tetramer organizes the central ϳ70 bp of DNA and is flanked on either side by one H2A-H2B dimer that each organizes about 40 bp of DNA. Structural and functional variability is introduced by highly regulated reversible posttranslational modifications of individual histones and by the introduction of histone variants, in particular H2A and H3 variants, at specific regions in the genome (for review, see Refs. 2 and 3). Despite the high degree of DNA compaction, chromatin is surprisingly dynamic and fluidic, and its histone components are exchanged at a high rate in the absence of transcription and replication. Histone H2A-H2B dimers (and, to a certain extent, also (H3-H4) 2 tetramers) appear to be in rapid exchange in most regions of compacted chromatin (4, 5) , and histone variants are incorporated in replication-independent assembly pathways (e.g. Ref. 6 ). ATP-dependent chromatin remodeling factors, in collaboration with histone modifying activities, further enhance chromatin fluidity (7) (8) (9) , with pronounced effects on gene expression patterns.
The transient removal of one or both H2A-H2B dimers from a nucleosome is involved in many vital cellular processes. For example, it has been known for more than 20 years that transcriptionally active chromatin is depleted in H2A and H2B (10) . The FACT complex is likely to be at least in part responsible (11) , but a possible role for the histone chaperone NAP-1 1 has also been described recently (12) . RNA polymerase II alone is also able to displace H2A-H2B dimers during elongation in vitro (13) . H2A-H2B destabilization occurs as a consequence of nucleosome sliding catalyzed by several chromatin remodeling complexes (14) . Finally, it was recently found that a specific ATP-dependent chromatin remodeling factor, Swr1, is responsible for the replication-independent incorporation of the histone variant H2A.Z into yeast chromatin (for review, see Ref. 15 ).
Histones are highly basic and are usually found in complex with histone chaperones when not bound to DNA (for review, see Ref. 16 ). These acidic proteins (several nonrelated families exist) are quite abundant in most eukaryotic cells, but their role in nucleosome turnover has not been investigated thoroughly (for review, see Refs. 17 and 18) . A renewal of interest has come with the recent discovery in yeast that the acidic histone chaperone NAP-1 is found in association with an H2A.Z-H2B dimer in vivo. This NAP⅐Z complex is thought to supply H2A.Z-H2B dimers to the Swr1 complex (19 -21) to promote assembly of H2A.Z-containing chromatin.
NAP-1 is an average size (ϳ400 amino acids) acidic protein of unknown structure with a molecular mass of ϳ 47,000 and a pI of 4.25. Approximately 21% of all amino acids are either aspartic or glutamic acid, clustered in several acidic stretches. The exact amino acid sequence of NAP-1 is only moderately conserved between different organisms (22) , but their character is maintained throughout most of its length. Although its roles in histone transport and nucleosome assembly are best characterized, NAP-1 appears to have pleiotropic roles in vivo. In Drosophila, NAP-1 is a part of the multifactorial chromatin assembly machinery that mediates the ATP-facilitated assembly of regularly spaced nucleosomal arrays (22, 23) . NAP-1 and other acidic histone chaperones were also shown to cooperate with SWI/SNF complexes in chromatin remodeling and to facilitate transcription factor binding to nucleosomal DNA in vitro (24 -26) . Furthermore, direct functional and physical interactions between transcriptional activators and human NAP-1 were reported (27) (28) (29) . Systematic deletion of the NAP-1 gene in yeast had no pronounced effect on yeast cells (30) , suggesting redundancy in its function. However, genomewide expression analysis of NAP-1 deletions in yeast has shown that the transcription level of ϳ10% of all yeast open reading frames changed by at least 2-fold (31) . Deletion of the NAP-1 gene in flies is lethal (32) .
Analytical ultracentrifugation has shown that yeast NAP-1 (yNAP-1) exists as an obligate dimer in solution (33) . Functional analysis of NAP-1 in vitro is based primarily on its ability to introduce negative supercoils into relaxed circular DNA in the presence of core histones (34) and to generate regularly spaced nucleosomes on salt-assembled chromatin (35) a quality that has been employed for in vitro nucleosome assembly reactions (36) . Using deletion analysis, it was also shown that residues 65-365 of yNAP-1 were necessary and sufficient for histone binding and in vitro assembly reaction and that a long negatively charged stretch at the C terminus was dispensable for its assembly activity in vitro (34, 37) .
The functions described above can be ascribed to the well characterized ability of NAP-1 specifically to bind and sequester histone complexes (37 and references therein). However, only a few studies address the interactions of NAP-1 or any other chaperone with nucleosomes and chromatin or its effect on chromatin structure and dynamics (12, 26, 38, 39) . Here we study yNAP-1 as a model system to investigate whether and how histone chaperones contribute to dynamic histone exchange, a property that is emerging as an essential feature of eukaryotic chromatin. Using fluorescently labeled histones and nucleosomes we find that yNAP-1 (in the absence of ATP or other protein factors) is capable of removing H2A-H2B dimers from folded nucleosomes and actively exchanges histone dimers containing an H2A variant into completely assembled nucleosomes. We characterize the ability of yNAP-1 to assist nucleosome sliding on DNA and show conclusively that this activity requires the yNAP-1-dependent transient dissociation of H2A-H2B dimers from folded nucleosome core particles (NCPs).
EXPERIMENTAL PROCEDURES
Preparation of DNA, Histones, yNAP-1, and Nucleosomes-a 146-bp DNA fragment derived from a 5 S rRNA gene (40) was prepared as described previously (41) . Both ends of the DNA were labeled with 7-diethylamino-3-(4Ј-maleimidylphenyl)-4-methylcoumarin (CPM), respectively (42) . To prepare the fluorescently labeled histones, H2BT112C and H4T71C mutants were used (42) . Recombinant histones and histone H2A variants (H2A.Z, macroH2A histone domain, and H2A Bbd) were refolded to histone dimer or octamers. Nucleosomes were reconstituted by dialysis against decreasing salt concentration as described previously (41) and analyzed by native PAGE on 5% polyacrylamide gels (acrylamide:bisacrylamide 59:1) in 0.2 ϫ TBE. Fulllength yNAP-1, GST-yNAP-1, and truncated versions (yNAP-1⌬N and yNAP-1⌬NC) were expressed and purified as described previously (37) . The C-terminal domain (CTD, amino acids 302-417) of yNAP-1 was purified over a nickel affinity resin. The His tag was cleaved off with thrombin, followed by purification over a Mono Q column.
Detection of H2A-H2B Dimer Dissociation from the Nucleosome-Nucleosomes containing fluorescently labeled histones or DNA were prepared as described above. 3.5 M CPM-labeled NCP was incubated with increasing molar ratios of yNAP-1 at 4°C for 10 h in buffer A (20 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol). H2A-H2B dimer dissociation was analyzed by native PAGE as described above. Nucleosomal bands (N1, S1, S2, and S3) were electroeluted from gel slices into 0.05 ϫ TBE and were analyzed by 15% SDS-PAGE. As controls, fluorescently labeled NCP (as indicated) was incubated with a 4 -24-fold molar excess of albumin (obtained from Sigma) under the same conditions.
Histone Dimer Exchange-3.5 M unlabeled NCP was incubated with preincubated yNAP-1-histone dimer mixtures (3.5 M H2A-H2B CPM dimer and 3.5 M yNAP-1 dimer) at 4°C for 10 h in buffer A.
Nucleosomes containing fluorescently labeled (H2A-H2BT112C) dimer were prepared as a control. The exchange of fluorescently labeled H2A-H2B dimer or (H2A.Z-H2B) dimer was analyzed by native PAGE as described above. Exchange was quantified by ImageQuant version 5.1 (Amersham Biosciences). Gels were first photographed without staining to view fluorescence at 365 nm followed by staining with ethidium bromide and/or Coomassie Blue as indicated. Control experiments using fluorescently labeled (H3-H4) 2 tetramer were performed analogously.
Nucleosome Sliding Assay-Nucleosomes were assembled on a previously characterized 196-bp DNA fragment derived from the 5 S rRNA gene (40, 43) . Nucleosomes located at the center (N1) or edge (N2) of the 196-bp 5 S DNA fragment were fractionated by preparative gel electrophoresis with Prep Cell (Bio-Rad Laboratories) using methods described previously for 146-bp NCP (41) . Incubation in the presence or absence of yNAP-1 was performed at 4°C for 10 h in buffer A. 3.5 M NCP was incubated with the indicated amounts of yNAP-1. Samples were analyzed by native PAGE. Identical amounts of N1 and N2 nucleosomes (ϳ6 g of DNA) were digested with 3.0 units of micrococcal nuclease (MNase) (Worthington) at 37°C (44) . To analyze histone content, nucleosomes were first fractionated on a 5% native gel in 0.2 ϫ TBE, and the nucleosome species were electroeluted into 0.05 ϫ TBE for 45 min at 150 W and 4°C. The eluate was concentrated and analyzed by 18% SDS-PAGE. MvaI (MBI Fermentas), ScaI, and AatII (New England Biolabs) were used to for restriction enzyme protection assays. ϳ50 M NCP was digested with 10 units of enzyme for 4 h at 37°C, using prescribed buffers. Samples were treated with proteinase K (Sigma) at a concentration of 50 g/ml (50°C, 3 h). The digested DNA products were analyzed on a 10% acrylamide gel and were viewed by staining with ethidium bromide.
RESULTS

yNAP-1 Removes H2A-H2B Dimers from the Nucleosome
Core Particle-To investigate the structural changes in NCP structure resulting from yNAP-1 action, we used native gel electrophoresis, a highly sensitive assay for nucleosome structure (41), in conjunction with fluorescence labeling (42) . We verified that yNAP-1 binding was not compromised (at least qualitatively) by the addition of the label to H2B (Supplemental Fig. 1B ) and that a yNAP-1⅐H2A-H2B dimer complex was formed in solution (Supplemental Fig. 1C ). CPM-labeled H2BT112C was utilized in all future experiments in which fluorescently labeled H2A-H2B or H2A.Z-H2B dimers were used. The stoichiometry of the yNAP-1⅐H2A-H2B dimer complex has been shown to be one yNAP-1 dimer/histone fold dimer (37) . Molar ratios given throughout this manuscript take into account the dimeric nature of yNAP-1 (33) .
Upon incubation of purified NCP reconstituted with fluorescently labeled H2B with increasing amounts of yNAP-1, two new bands were detected by native PAGE, and one additional band that is also present in the control significantly increased in intensity. Only two of these bands were visible without staining (Fig. 1A , upper panel, denoted with S1 and S2), demonstrating that only they contained H2B. One additional band, apparent at higher yNAP-1:NCP ratios, is visible only after staining with ethidium bromide (not shown) and Coomassie Brilliant Blue (Fig. 1A , lower panel, S3). Even at the largest excess of yNAP-1 dimer over NCP (4-fold, lane 5), only very small amounts (Ͻ2%) of free DNA are released. The unstained gel was digitized under fluorescent light, and the relative amounts of the nucleosomal bands (N1, S1, and S2) were plotted against the ratio of yNAP-1 to NCP (Fig. 1B) . This plot reveals that S1 is present in maximum amounts at a yNAP-1 dimer to NCP ratio of ϳ1.5 and that S2 appears at the expense of N1 upon increasing yNAP-1:NCP ratios. S3 was too faint to be quantified.
To investigate further the composition of each band, we expanded the previous experiment and prepared NCPs in which H2B, H4, or the DNA was fluorescently labeled as described earlier (42) . The purified NCPs were incubated with a 2-fold molar excess of yNAP-1 dimer over nucleosomes (refer to lane 3 in Fig. 1A ), and the products were analyzed by native PAGE ( Fig. 2A) . The gels were analyzed without staining to visualize only fluorescent species. Importantly, we did not observe any detectable yNAP-1⅐(H3-H4) 2 tetramer complexes under moderate conditions ( Fig. 2A, lanes 4 and 5) ; however, at a higher temperature (37°C for 12 h) and a large (12-fold) excess of yNAP-1 over NCP, some dissociation of the (H3-H4) 2 tetramer from the DNA was observed (not shown). We show conclusively that N1 and S1 contain DNA, (H3-H4) 2 tetramer, and H2A-H2B dimers because both of these bands light up if nucleosomes reconstituted with fluorescently labeled DNA (lane 3), H4 (lane 5), and H2B (lane 7) are used. S1 comigrates with the off-centered NCP species that we routinely observe after salt gradient reconstitution onto this particular DNA fragment and is thus identified as a NCP with an altered translational position of the DNA with respect to the histone octamer (45, 46) . S3 only contains (H3-H4) 2 tetramer and DNA, but no H2A-H2B dimer (lanes 3 and 5) and is thus identified as a "tetrasome" (a (H3-H4) 2 tetramer⅐DNA complex). S2 contains fluorescently labeled H2A-H2B dimer (lane 7) but no DNA or (H3-H4) 2 tetramer and comigrates with a yNAP-1⅐H2A-H2B dimer complex (lane 8).
To confirm that S2 contains yNAP-1, we performed a similar experiment with GST-tagged yNAP-1 and visualized its electrophoretic migration by fluorescence. GST-yNAP-1 is just as efficient in converting N1 to S1 and S3, but only S2 is supershifted (Fig. 2B, lane 6) . Consistent with the propensity of GST to dimerize, we observe an additional higher band on our native gels (denoted with 2GST-S2). Our experiments show no evidence of a stable yNAP-1⅐NCP complex because the electrophoretic migration of N1 and S1 remains unchanged (Fig. 2B) .
We next excised N1, S1, and S3 from a native gel and analyzed the protein content of these bands by SDS-PAGE (Fig.  2C) . Consistent with our interpretation of the results shown above, we found that N1 and S1 contain stoichiometric amounts of the four histones. S3 contained only histone H3 and H4, confirming that at higher yNAP-1:NCP ratios, yNAP-1 removes both H2A-H2B dimers from a folded NCP. Identical results were obtained using a GST fusion of yNAP-1 (not shown). Using GST-yNAP-1, we could also verify that S2 contained only H2A, H2B, and GST-yNAP-1 (Fig. 2C) .
Because yNAP-1 is highly acidic, it is formally possible that the observed removal of H2A-H2B dimers from the NCP is a "salt effect" because of competition between yNAP-1 and DNA and for the histones. To evaluate the specificity of yNAP-1 in H2A-H2B dimer dissociation, we compared the ability of yNAP-1 and albumin to alter the NCP structurally, using gel shift assays. Albumin is a protein of similar size and acidic pI. Unlike yNAP-1, a 4-fold molar excess of albumin had no effect on the nucleosomal band (Fig. 2D , compare lane 4 with 5, and 7 with 8). No H2A-H2B dimer dissociation or disruption of the NCP was observed upon addition of an up to 24-fold molar excess of albumin (data not shown).
The Acidic CTD of yNAP-1 Is Necessary for the Dissociation of the H2A-H2B Dimer from the NCP, although It Is Not Required for Histone Binding-We and others have shown previously that the N-terminal domain (amino acids 1-73) and the acidic CTD (amino acids 366 -417) of yNAP-1 are not required for histone binding and nucleosome assembly (34, 37) . To test whether these regions of yNAP-1 are required for the interactions with the nucleosome, we analyzed the ability of truncated yNAP-1 constructs (lacking 73 amino acids from the N terminus (yNAP-1⌬N) or the 73 N-terminal and 52 C-terminal amino acids (NAP-1⌬NC)) to remove H2A-H2B dimers from the folded NCP (Fig. 3) . NAP-1⌬N retained the ability to dissociate H2A-H2B dimers from the NCP. In striking contrast, NAP-1⌬NC has completely lost the ability to alter the NCP structurally. This was shown conclusively using native PAGE of two different fluorescently labeled NCPs (Fig. 3A, lanes 1-4 and  5-8) . Importantly, the CTD alone (yNAP-1 amino acids 302-417; pI 3.66) has no effect on the NCP (Fig. 3B) , just as has been observed for albumin (Fig. 2D ). It is however formally possible that the N terminus can sustain activity in the absence of the CTD, and this possibility remains to be tested.
Full-length yNAP-1, yNAP-1⌬N, and yNAP-1⌬NC are all capable of forming a complex with the H2A-H2B dimer (Supplemental Fig. 1A and Fig. 3C ), confirming earlier data with GST constructs of yNAP-1 (37) . Thus, the core domain of yNAP-1 is sufficient to bind the H2A-H2B dimer in solution as well as to assemble chromatin from DNA and histone components. However, this core domain is not sufficient to remove H2A-H2B dimers once they are assembled into a functional NCP but additionally requires the acidic CTD.
H2A-H2B Dimers Are Exchanged in and out of Nucleosomes by yNAP-1-Having established that yNAP-1 is capable of removing H2A-H2B dimers from a folded NCP, we wanted to investigate whether yNAP-1 is capable of replacing one H2A-H2B dimer with another. To distinguish between the newly exchanged species and unaltered NCP and to overcome the complication that yNAP-1 comigrates with the NCP in our gel The nucleosome and novel species are indicated with N1, S1, S2, and S3, respectively. B, quantitation of the gel shown in A. The lanes were scanned, and the intensity of the lanes was analyzed by ImageQuant version 5.1. Numbers were normalized in terms of ratio of N1, S1, or S2 species.
NAP-1-mediated Histone Exchange and Nucleosome Sliding
system, we again exploited our library of fluorescently labeled histone subunits. A saturating amount of fluorescently labeled H2A-H2B dimer was preincubated with yNAP-1 to allow complex formation under previously established conditions (see Supplemental Fig. 1 ). Complexes (which do not contain free yNAP-1) were incubated previously assembled, unlabeled NCP preparations. The products were analyzed by native PAGE, and fluorescent species were visualized without staining (Fig.  4, upper panel) . Exchange by yNAP-1 in about 17-22% of the nucleosome population (in four independent experiments) was observed, as evident in the appearance of a fluorescent NCP band (N1) when incubated with a preformed fluorescently labeled yNAP-1⅐H2A-H2B dimer complex, but not with dimer or yNAP-1 alone (Fig. 4, upper panel, compare lanes 1-3) . A strong fluorescent band corresponding to the yNAP-1⅐H2A-H2B dimer complex (S2) is also observed in lanes 1 and 2. No significant amounts of free DNA are released in this process, as is shown in the ethidium bromide-stained gel (Fig. 4, lower panel) . When   FIG. 2 . Analysis of novel nucleosomal species. A, native PAGE. NCPs were reconstituted from DNA that had been labeled with CPM at the 5Ј-phosphate groups (DNA*), at H4 T71C (H4*), or at H2BT112C (H2B*) (42) . Nucleosomes (3.5 M) were incubated in the presence (ϩ) or absence (Ϫ) of a 2-fold molar excess of yNAP-1. Incubation and gel electrophoresis were done as in Fig. 1A . Lane 1, CPM-labeled DNA; lanes 2 and 3, DNA-labeled NCP in the absence and presence of yNAP-1; lanes 4 and 5, H4-labeled NCP in the absence and presence of yNAP-1; lanes 6 and 7, H2B-labeled NCP in the absence and presence of yNAP-1; lane 8, CPM-labeled H2A-H2B dimer with yNAP-1. B, analysis of yNAP-1⅐H2A-H2B complex (S2) was carried out by electromobility shift assay. Fluorescently labeled NCPs were incubated without yNAP-1 (lanes 1 and 4) , with yNAP-1 (lanes 2 and 5), or with GST-yNAP-1 (lanes 3 and 6) . GST-yNAP-1⅐H2A-H2B dimer complex (GST-S2) is indicated. C, analysis of the protein composition of yNAP-1-generated nucleosome species by 15% SDS-PAGE. Lanes 1-5, N1, S1, S3, GST-S2 (lower band) and 2GST-S2 (upper band). Nucleosome species were electroeluted from 5% native gel slices (as seen in B). Lane 6, GST-NAP-1. Lane 7, protein marker (M) 14.5, 21.5, 31, 45, 66.2, and 94.4 kDa. D, the observed effect is specific for yNAP-1. NCP (3.5 M) containing fluorescently labeled H2A-H2B dimer or fluorescently labeled DNA was incubated with a 2-fold molar excess of yNAP-1 or a 4-fold molar excess of albumin at 4°C for 10 h. Lane 1, fluorescently labeled DNA; lane 2, fluorescently labeled (H2A-H2B) dimer with yNAP-1 complex; lanes 3 and 6, fluorescently labeled NCP without yNAP-1 or albumin; lanes 4 and 5, and 7 and 8, fluorescently labeled NCP was incubated with yNAP-1 or albumin as indicated.
nucleosomes were incubated with fluorescently labeled yNAP-1⅐(H3-H4) 2 tetramer complex under identical conditions, no incorporation of fluorescently labeled (H3-H4) 2 tetramer into nucleosomes was observed (data not shown). When a yNAP-1⅐H2A-H2B dimer complex was incubated with free DNA, no H2A-H2B⅐DNA complex or ternary yNAP-1⅐H2A-H2B⅐DNA ternary complex was detected (data not shown; also see Ref. 47 ). Together, these results demonstrate that yNAP-1-mediated H2A-H2B dimer exchange does not occur by complete dissociation of the NCP and that the exchange reaction is limited to the histone H2A-H2B dimer, despite the proven ability of yNAP-1 to bind the (H3-H4) 2 tetramer in solution with equal or higher affinity (37) .
We next examined whether yNAP-1 is capable of replacing major type H2A-H2B dimer with a dimer containing an H2A variant. yNAP-1 does not display a markedly different ability to bind the major type compared with several histone variant complexes (Supplemental Fig. 1A) . Upon incubation of unlabeled NCP with fluorescently labeled (H2A.Z-H2B) dimer, a fluorescent NCP species was observed (Fig. 4, lane 8) . These experiments show conclusively that yNAP-1 mediates exchange of histone H2A-H2B dimers into folded nucleosomes. Our finding that histone variants are stably bound by yNAP-1 (Supplemental Fig. 1A ) and are readily utilized in this exchange reaction leads us to predict that not only H2A.Z but other H2A histone variants in complex with H2B may be exchanged into assembled NCPs under physiological conditions. yNAP-1 Facilitates Nucleosome Sliding-Upon incubation of yNAP-1 with nucleosomes reconstituted on a 146-bp DNA fragment at 4°C, we reproducibly observe a second species (S1 in Figs. 1A and 4) , which contains a full complement of histone proteins and DNA (Fig. 2C ) and comigrates with a well characterized species that is routinely observed after salt gradient reconstitution on this particular DNA fragment. This species represents an NCP in which the histone octamer is positioned asymmetrically on the DNA; it is stable over weeks at 4°C but can be converted into a thermodynamically more favorable species in which the DNA is placed symmetrically around the histone octamer by incubation at elevated temperatures (e.g. Fig. 4, compare lanes 4 and 5) . It appears that the significant energy barrier that exists toward repositioning of the histone octamer along the DNA is relieved by the transient yNAP-1-mediated removal of the H2A-H2B dimer.
To investigate further the possibility that yNAP-1 facilitates nucleosome sliding, we reconstituted NCPs on a 196-bp DNA fragment derived from the 5 S rRNA gene (40) . Upon salt gradient reconstitution, two major nucleosome species (N1 and N2) are routinely obtained (Fig. 5A, lane 1) . These have been described earlier as nucleosomes with different translational positions (43) . The two species were separated from each other by preparative gel electrophoresis (Fig. 5A, lanes 2 and 3) . SDS-PAGE revealed that N1 and N2 contained an identical and stoichiometric composition of histones (Fig. 5B, compare  lanes 1 and 3 with lane 5) . Micrococcal nuclease treatment of the isolated species demonstrated that both protected ϳ146 bp of DNA (not shown).
Purified N1 and N2 were incubated independently with yNAP-1. Intriguingly, N1 was transformed completely into N2 in the presence of equimolar amounts of yNAP-1 dimer and NCP (Fig. 5A, lane 7) . The same phenomenon was observed at yNAP-1:NCP ratios as low as 0.15:1 (not shown), indicating that yNAP-1 acts catalytically. In contrast, yNAP-1 had no effect on the electrophoretic mobility of N2 (lane 6). Incubation in the absence of yNAP-1 at elevated temperatures (37 and 45°C) had no effect on the electrophoretic mobility of either N1 or N2. Importantly, the histone composition of both nucleosomal species (Fig. 5B ) and the amount of DNA that is protected against digestion with micrococcal nuclease (not shown) remain unchanged upon yNAP-1 incubation.
To investigate whether treatment of N1 with yNAP-1 results in true nucleosome sliding, it was necessary to characterize the position of the histone octamer with respect to the DNA in N1 and N2 before and after yNAP-1 addition, using restriction enzyme protection assays in conjunction with micrococcal nuclease digestion. Sites for restriction enzymes MvaI, ScaI, and AatII in the 196-bp DNA fragment are depicted in Fig. 5C . In the absence of yNAP-1, N2 is digested to about 30 -50% with ScaI and AatII and an apparent 100% with MvaI (Fig. 5D ). In this latter experiment, the two expected fragments of 178 and 183 bp in length cannot be distinguished, nevertheless this result strongly suggests that the regions of the DNA not occupied by nucleosomes are free of nonspecifically bound histones. Together with the finding that 146 bp are protected from digestion with MNase (not shown), this is consistent with positions for N2 at either end of the nucleosomal DNA (Fig. 5C ). N1 is cut to 100% with MvaI but is completely protected from digestion with AatII and ScaI. This places N1 between bp 32 and 157, which corresponds to the previously identified positioning sequence on this particular DNA fragment (48) .
Incubation with yNAP-1 does not change the behavior of N2 in MNase (not shown) and restriction enzyme protection assays (Fig. 5D) , consistent with the observation that yNAP-1 has no effect on the electrophoretic behavior of N2. In contrast, N1 behaves like N2 after yNAP-1 treatment in MNase and restriction endonuclease protection assays (Fig. 5D, compare lanes 2  and 4) and contains a full complement of all four histones (Fig.  5B ), confirming our interpretation that yNAP-1 causes true nucleosome sliding.
We next investigated whether the ability of yNAP-1 to exchange histone H2A-H2B dimers is required to facilitate nucleosome sliding. To this end, we exploited our earlier observation that a truncated version of yNAP-1 (NAP-1⌬NC) was incapable of dissociating histone dimers from nucleosomes, although this yNAP-1 mutant was perfectly capable of assembling chromatin and binding histone complexes. NAP-1⌬N and full-length yNAP-1 were used as controls. Purified N1 was incubated with a 2-fold molar excess of different yNAP-1 truncations under the same conditions as above and examined by native PAGE. As shown in Fig. 6 (upper panel) , wild type yNAP-1 and yNAP-1⌬N were able to induce the redistribution of N1 nucleosomes to N2 (Fig. 6, lanes 3-5) , concomitant with the formation of a yNAP-1 (or yNAP-1⌬N)⅐H2A-H2B complex (Fig. 6, lower panel, lanes 4 and 5) . In striking contrast, no effect was observed in the presence of yNAP-1⌬NC (Fig. 6, lane  6) , and no yNAP-1⌬NC⅐H2A-H2B dimer was observed. This finding demonstrates that transient H2A-H2B dimer dissociation from the NCP facilitates nucleosome sliding in the presence of yNAP-1. Under these conditions, only minimal amounts of free DNA are released, and (H3-H4) 2 tetramer is not exchanged, indicating that nucleosome sliding occurs without complete nucleosome dissociation. As was the case with nucleosome core particles reconstituted on 146-bp DNA fragments, bands that were equivalent to S3 were observed in all cases (indicated by asterisks in Fig. 6 ). DISCUSSION yNAP-1 is an abundant, phylogenetically conserved acidic histone chaperone that has been shown to be involved primarily in histone transport and chromatin assembly. Here we have demonstrated that yNAP-1 is also capable of transiently removing H2A-H2B dimers from a folded nucleosome. This results in the active exchange of H2A-H2B or histone variant dimers into nucleosomes in an ATP-and DNA replicationindependent fashion, but also facilitates sliding of the nucleosome along the DNA to help it attain a thermodynamically more favorable position. These roles for yNAP-1 are likely to be of biological significance and may be a general characteristic of acidic histone chaperones.
yNAP-1 facilitates the removal of one or both H2A-H2B dimers from a folded nucleosome at yNAP-1 dimer:nucleosome stoichiometries of ϳ1:1, whereas the (H3-H4) 2 tetramer is removed only at much higher molar ratios. This is consistent with   FIG. 4. yNAP-1-mediated exchange of canonical H2A-H2B dimer  or histone variant (H2A.Z-H2B ) dimer into nucleosomes. Unlabeled NCP was incubated with preformed yNAP-1⅐H2A-H2B dimer (or H2A.Z-H2B) dimer complexes as indicated. Reconstituted nucleosomes (which are heterogeneous with respect to the position of the histone octamer on the DNA) were heat-shifted for 60 min at 37°C to obtain a unique species of nucleosomes (shifted nucleosome). The gel was first photographed without staining to view fluorescence (upper panel), followed by staining with ethidium bromide (lower panel). previous results (38) and with the observed rapid exchange of H2A-H2B dimers in vivo (4, 5) and is expected if one considers the central position of the (H3-H4) 2 tetramer on the DNA (1). The removal of H2A-H2B dimers is likely to facilitate transcription (12, 38) . This mechanism has also been recently attributed to the FACT complex (11; see also Ref. 49) . Easier access of transcription factors to nucleosomal DNA in the presence of nucleoplasmin (an acidic histone chaperone with a different quaternary structure and no sequence homology to yNAP-1) and yNAP-1 has also been attributed to their ability to deplete mononucleosomes of H2A-H2B dimers (24, 26) . Complete nucleosome dissociation and reassembly has emerged as an important regulator of the Pho5 promoter (50, 51) . The recent finding that the H3/H4 histone chaperone Asf1p mediates nucleosome disassembly from the Pho5 promoter in vivo (52) suggests that histone chaperones in general may have a more prominent role than previously assumed in promoting nucleosome dissociation during transcription.
Here we have shown that the ability of yNAP-1 to remove a H2A-H2B dimer from a nucleosome depends on the acidic CTD of yNAP-1, which is dispensable for histone binding and nucleosome assembly (37 and references therein). Therefore, histone removal from a folded nucleosome is not a simple reversal of the mechanism involved in histone deposition during nucleosome assembly. The extreme acidic character of the residues contained in the CTD (30 residues of a total of 52 in the CTD are acidic, comprising one-third of all acidic residues in the entire protein) may simply be required to compete with the DNA for the histone dimer, or it may contribute to histone removal via a more complex mechanism that remains to be elucidated. Interestingly, the acidic CTD of the FACT subunit Spt16 is required for interaction with the nucleosome. How- 1 and 2) in the absence and presence of yNAP-1, as indicated. Lane 5 shows purified histone octamer (HO). C, overview of nucleosome positions and restriction endonuclease sites used for nucleosome mapping. D, restriction endonuclease protection assays of N1 and N2 before and after yNAP-1 treatment, using AatII, ScaI, and MvaI. N1 (lanes 3 and 4) and N2 (lanes 1 and 2) were analyzed in the absence and presence of yNAP-1, as indicated. Lane 5 shows digestion of the free 196-bp DNA fragment, lane 6 is undigested DNA, and lane 7 is a DNA ladder. Molecular masses of restriction products are indicated. 10% polyacrylamide gels were stained with ethidium bromide, and colors were reversed for clarity.
ever, unlike in case of yNAP-1, it appears to be required also for histone deposition onto DNA (11) .
The removal of one or both H2A-H2B dimers from a mononucleosome is reversible and can lead to an exchange reaction with histone dimers containing variants of histone H2A, such as H2A.Z (this study), and H2A.Bbd. 2 We have also observed the reverse reaction in which a histone variant-containing nucleosome is converted into a canonical nucleosome (data not shown), demonstrating the lack of discrimination that yNAP-1 has for various H2A-H2B dimers, both free in solution and when bound to a nucleosome. Importantly, yNAP-1-mediated histone exchange is independent of replication, does not require ATP, and does not result in the release of a significant amount of DNA or exchange of (H3-H4) 2 tetramer. This indicates that complete nucleosome disassembly and reassembly are not required.
yNAP-1 alone is unlikely to target histone variants to specific regions within chromatin. However, it is possible that yNAP-1 and other assembly proteins contribute to the incorporation of histone variants at specific regions within chromatin upon association with histone variant-specific chromatin assembly factors, such as the Swr1 complex that functions in conjunction with a yNAP-1⅐H2A.Z-H2B dimer complex (the "Nap-Z complex" (19 -21) ). The Swr1 complex catalyzes the exchange of an H2A-H2B dimer for an H2A.Z-H2B dimer in yeast in an ATP-dependent manner in both nucleosomal arrays and in mononucleosomes. Despite the presence of the Nap-Z complex, these authors see very little exchange in the absence of ATP in contrast to the 20% efficiency of yNAP-1-dependent exchange of ϳ20% reported here.
Finally, we have shown conclusively that the ability of yNAP-1 to remove transiently one or both H2A-H2B dimers from a nucleosome facilitates nucleosome sliding from a positioning sequence to an energetically more favorable end position. Our data indicate that yNAP-1 functions in a catalytic manner, independent of ATP. A truncated version of yNAP-1 lacking the acidic CTD, which is capable of binding histones and assembling chromatin but has lost its ability to extract a H2A-H2B dimer from the NCP, is incapable of promoting this sliding reaction, although we do not exclude the possibility that the C-terminal and N-terminal domains have redundant functions. Repositioning is directional in that no yNAP-1-mediated nucleosome movement from the end position to the central position is observed. In this, yNAP-1 functions like the ATP-dependent remodeling factor dMi-2 and its recombinant ATPase subunit ISWI, which also moves centrally positioned nucleosomes to an end position but is unable to facilitate movement from the end to the center of the DNA (53) . Intriguingly, it has been found earlier that yNAP-1 and nucleoplasmin increase the stimulation of Gal4 binding to mononucleosome brought upon by the SWI/ SNF complex, indicating that histone chaperones and remodeling factors may act synergistically (25) .
Although the net effect of yNAP-1 and ATPases such as ISWI is similar, the mechanism by which these factors act is likely to be distinct. First, yNAP-1-dependent nucleosome sliding depends completely on its ability to remove and subsequently replace one or both H2A-H2B dimers. In contrast, in the presence of ATP-dependent remodelers, dimer exchange occurs subsequent to the movement of nucleosomes away from their initial locations coincident with and subsequent to the arrival of nucleosomes at positions at and beyond DNA ends, suggesting that H2A/H2B destabilization is not an obligate step in nucleosome movement (14) . Second, yNAP-1 does not require energy from ATP hydrolysis to dissociate the histone dimer or to slide the nucleosome. Third, although apparently catalytic, yNAP-1 is not a motor and therefore does not actively move nucleosomes along the DNA, but rather appears to lower the energy barrier that normally prohibits spontaneous nucleosome sliding to energetically favorable positions.
Because members of the class of acidic histone chaperones (of which yNAP-1 is just one representative) are very abundant in the cell, their in vivo role may well be significant. For example, histone chaperones may play a role in introducing H2A variants into chromatin in a replication-independent manner and in aiding nucleosome (re)-positioning along the DNA by lower- ing the significant energy barrier that must exist for nucleosome sliding. NAP-1 may also contribute to the disassembly and reassembly of nucleosomes during transcription initiation and elongation, as discussed above (Fig. 7) .
The role of NAP-1 (and presumably that of other acidic histone chaperones) is clearly evolving, from being viewed as a mere histone escort that manages histone transport into the nucleus before handing its precious cargo over to chromatin assembly and remodeling factors, to a much more glamorous role in maintaining chromatin and nucleosome fluidity and dynamics. Similarly, chromatin, once assembled, has once been viewed as an "immovable object" that only an advancing replication fork (and possibly an advancing RNA polymerase) can displace (54) . It is now perceived as a highly dynamic and malleable assembly that is capable of extensive cross-talk with the cellular machinery. Much remains to be learned on how this is achieved mechanistically, and doubtlessly many activities that are involved in this important aspect of chromatin metabolism remain yet to be discovered.
